COATING MATERIAL FOR THERMAL BARRIER COATING HAVING 
EXCELLENT CORROSION RESISTANCE AND HEAT RESISTANCE AND 
METHOD OF PRODUCING THE SAME 

BACKGROUND OF THE INVENTION 
Field of fhe Invention 

This invention relates to a coating material for a 
thermal barrier coating suitable as a starting material for 
parts of a high ten^erature exposing apparatus such as a 
gas turbine, a jet engine or the like as well as a method 
of producing the same. 

Background Art 

As is well-known, energetic search and development 
are progressing for the purpose of improving heat 
efficiency in driving machines such as diesel engine, 
boiler, gas turbine engine, jet engine and the like. 
However, the improvement of the heat efficiency results in 
the strong increase of severe heat loading to the 
constitutional member . As a metal material used in the 
high temperature portion of the driving machine, therefore, 
it is required to have a high mechanical strength under a 
service environment and excellent resistance to high- 
temperature oxidation and resistance to high- tester ature 
corrosion . 

In order to satisfy such requirements , there are 
developed many heat-resistant alloys or so-called 
superalloys consisting essentially of non-ferroUs metal 
elements such as Cr, Ni, Co, W, Ta, Al, Ti or the like. 

In these superalloys, however, the high- 
temperature strength is most preferential, so that it tends 
to necessarily suppress the addition of the metal element 
not acting to the improvement of the strength to a low 
ratio. As a typical example of the metal element not 
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actixng t:o tJie improvemexi't of *the s^reng^h are mentioned Cr , 
Al, Si and the like. On the other hands, these elements 
are excellent in the oxidation resistance and the 
resistance to high -temperature corrosion, so that it is 
common that the oxidation resistance and the resistance to 
high -temperature corrosion are poor in the superalloy 
prevailing the high -temperature strength as mentioned above 

In view of the above situation, the lowering of 
the resistance force to the chemical damage of the 
superalloy used in the high -temperature environment is 
compensated by previously coating the surface of the 
superalloy with a metal of Cr, Al, Si or the like or an 
alloy thereof through a spraying method or a diffusion 
penetration method . 

Recently, a spraying method of easily forming a 
coating of an oxide or an alloy having an oxidation 
resistance and a heat resistance is popularized, and the 
superiority of the spraying method is further enhanced by 
the development of spraying material shown as MCrAlX alloy 
(wherein M is at least one metal selected from Ni, Co and 
Fe, and X is at least one metal selected from Y, Hf , Ta, Cs 
Ft, Ce, Zr, La, Si and Th) developing an excellent 
oxidation resistance. As a technique relating to the 
MCrAlX alloy material, there are techniques disclosed in 
JP-A-59-118847 and JP-A-60-141842 . 

As a field using the spray coating of the MCrAlX 
alloy, there is a thermal barrier coating used by working 
into a high- temperature exposing material (NASA Technical 
Memorandum: MASA-TM-X3425 : hereinafter abbreviated as ''TBC'' 
simply) . This coating is constructed by forming a coating 
of MCrAlX alloy as an undercoat and laminating a coating of 
Zr 02 based ceramic having an excellent heat resistance and 
a small thermal conductivity as a top coat thereon.. 

The TBC comprising a combination of MCrAlX alloy 
coating and the Zr 02 based ceramic coating is utilized as 
not only a high -temperature exposing material for a gas 
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'turbine but also a heat-resis-bant coating for a centrifugal 
casting mold (see JP-A-64-87050) or for a transferring roll 
of molten plate glass (see JP-A-4-260622) . 

Even In 'the TBC combining 'the MCrAlX alloy and 'the 
Zr 02 based ceramic, however, 'there Is a problem 'that only 
-the top coat Is frequently peeled off from -the Interface 
between bcth 'the coatings under a severer environment 
represented by a recently high- temperature operating 
environment of 'the gas turbine to lose 'the thermal barrier 
action . 

As a countermeasure , 'there have hl'therto been 
proposed a technique wherein -the peeling of the top coat Is 
prevented by forming AI 2 O 3 layer obtained 'through 'the 
oxidation of Al coating layer on 'the MCrAlX alloy coating 
as an undercoat to Improve the oxidation resistance (e.g. 
JP-A-62-211387) , a me'thod of preventing the peeling of 'the 
top coat by adding CaO, SIO 2 to Zr 02 of 'the top coat to 
generate fine cracks to 'thereby disperse heat stress (e.g. 
JP-A-4-36454) , a method wherein Zr 02 based ceramic coating 
formed by -the spraying method as a top coat Is fused by 
laser heating and longitudinal cracks are generated In -the 
top coat by utilizing stress In the solidification course 
to mitigate thermal stress to 'thereby prevent the peeling 
of the top coat (e.g. JP-A-58-16094) , a me'thod wherein 'the 
formation of Zr 02 based ceramic as a top coat Is carried 
out by vapor deposition me'thod using an electron beam heat 
source and mlcrocrys'tal of Zr 02 based ceramic Is grown Into 
column to mitigate 'thermal stress (e.g. i7P-A-3-87379) and 
'the like . 

However, 'these techniques have at'talned 'their 
objects at a use temperature region (1100-1300°C) of 'the 
gas turbine In 'the time of filing 'them, but are 
Insufficient under such a use environment 'that 'the recent 
operating ten^erature exceeds ISOO^C. 

Also, 'the coating generating fine cracks In 'the 
top coat or growing Zr 02 based ceramic particles grown Into 
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'the column Indicates 'the effect of mitiga'ting 'thermal 
stress, bu-t comes a problem -that corrosive componen'ts in 
'the combustion gas (e.g. oxygen, s'team, SO^, NO^, NaCl, V2O5, 
Na2S04 and bhe like) pene'trahe in'to the inside 'through 'the 
fine crack portion or 'the coltomnar crystal 'to corrode 'the 
hea't-resistan't alloy as an undercoat to 'thereby lower 'the 
joining force of the interface between the top coat and 'the 
undercoat . 

SUMMARY OF THE INVENTION 

The invention is to solve not only a technical 
problem that as to 'the 'thermal barrier coating (TBC) used 
in 'the high-temperature combustion gas , 'the top coat of 
Zr02 based ceramic is prematurely broken or locally peeled 
off by 'the occurrence of thermal stress to lose 'thermal 
barrier function but also a problem 'that the undercoat of 
the heat-resistant alloy is selectively corroded by 'the 
corrosive gases in the TBC particularly used under severer 
corrosive environment to lower 'the bonding force to 'the top 
coat to thereby peel off 'the top coat. The followings are 
described concretely. 

(i) The TBC is usually constructed wi'th an 
undercoat of MCrAlX alloy and a top coat of Zr 02 based 
ceramic, in which the top coat mainly acts to prevent the 
temperature rise of 'the STibstrate through radiant heat. 
However, when the top coat is s'ubjected to a violent 
temperature change, only the top coat is frequently peeled 
off from 'the interface to the undercoat and hence 'the 
function as TBC is lost. 

(ii) The TBC sxibjected to the violent temperature . 
change has a metallic undercoat and a cercunic top coat. 

The difference in 'the 'thermal properties inherent to 'these 
substances ('thermal stress) is concen'trates in 'the 
interface between bcth 'the coatings in an extremely form to 
cause 'the peeling from 'the interface of -the coatings . 

(iii) The top coat formed by 'the existing 
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'technique lowers the 'thermal stress, which Is generated by 
the mechanism as mentioned In the above Item (11) , and the 
thermal conductivity through radiant, so 'that It Is optimum 
to be a porous state (for example. Spraying Technology 
Handbook, edited by Japan Thermal Spraying Society, 
p'ubllshed by New Technology Development Center, May 30, 

1998, page 505) . Under ah environment 'that 'the gas turbine 
Is recently operated at a higher temperature, -the porous 
top coat generates many lateral cracks (cracks In a 
horlzon'tal direction parallel to the undercoat face) , and 
the generation and growth of 'the lateral (horizontal) 
cracks become violent In not only 'the Interface to the 
undercoat but also the top coat, so 'that there Is a problem 
that ~the function as 'the top coat considerably lowers . 

(Iv) The porous top coat according to 'the existing 
technique shows relatively good TBC properties at an 
operating temperature of the existing gas turbine. However, 
as the ten^erature region becomes further higher level , the 
shrinkage phenomenon through sintering becomes remarkable 
and the shrinkage stress Is generated and hence many cracks 
occur even In the lateral direction of the top coat and 
grow to cause -the peeling of 'the top coat. 

(v) The technique of mitigating 'the occurrence of 
'thermal stress by causing fine longitudinal cracks In 'the 
top coat, or by forming longitudinal cracks In the top coat 
'through laser Irradiation, or by forming the top coat film 
through electron beam deposition to grow ultra-fine 
particles of Zr 02 ceramic Into column or the like for 
solving ‘the problems of ‘the above Items (1) to (Iv) 
develops 'the effect as a countermeasure for peeling the top 
coat ‘through physical action. However, 'the stzructure of 
such a top coat facilitates 'the penetration of a'tmosphere 
gas con^onent Into ‘the Inside, and hence the corroding rate 
of -the undercoat becomes faster and It strongly tends to 
ra'ther promote chemical damage of 'the TBC . 

(vl) The corrosion of 'the un^rcoat In ‘the TBC 
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t:hroiigh an atsnosphere gas component occurs even In any top 
coat coating member irrespectively of the presence or 
absence of the longitudinal crack in the top coat. 
Therefore^ the peeling of. the top coat resulted from the 
corrosion of the surface of the undercoat when the TBC is 
used as not only a member for the gas turbine but also a 
high -temperature member for a petroleum decomposition gas 
or a chemical plant or further in an atmosphere containing 
a great amount of a corrosive gas can not be prevented by 
the existing technique . 

It is> therefore, an object of the invention to 
provide a coating material for a thezrmal barrier coating 
developing its function over a long time of period without 
causing the peeling of the top coat produced by physical 
(thermal stress) and chemical (corrosion) actions on not 
only TBC used as a part for a gas turbine under the 
conventional operating environment and a temperature 
environment further raised to 1500°C but also TBC used 
under a very sever condition of corrosive environment. 

It is another object of the invention to provide a 
method for surely forming the coating material for therxoal 
barrier coating . 

The invention solves the technical problems 
inherent to the existing techniques by the following means . 

(1) A coating material for a thermal barrier 
coating having excellent corrosion resistance and heat 
resistance comprising a substrate, an undercoat made of an 
aloominum-containing heat-resistant alloy, Cr 203 layer of 
0 . 2-10 |jm as a middle layer, and a top coat made of Zr 02 
based ceramic . 

(2) A coating material for a thermal barrier 
coating having excellent corrosion resistance and heat 
resistance comprising a sTibstrate, an undercoat made of an 
aluminum-containing heat-resistant alloy, AI 2 O 3 layer 
produced on the surface of the undercoat by preferentially 
oxidizing A1 in the components of the undercoat in the 
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presence of Cr 203 layer and Cr 20 a layer of 0 . 2-10 |Jni formed 
-thereon as a middle layer, and a top coat made of Zr 02 
based ceramic. 

(3) It Is prefercOsle that Cr 203 layer as a middle 
layer Is a chemical denslfled film obtained by applying an 
aqueous solution of one or more selected from chromic 
anhydride, ammonium chromate and ammonium bichromate and 
firing It. 

In -the Inven-tlon, It Is preferable that 
(D the -thickness of AI 2 O 3 layer Is 1-30 |jm; 

(D the undercoat Is a heat-resistant alloy having an A1 
content of 3-24 mass% and represented by -the following 
chemical formula : 

MCrAlX 

wherein M: one or more selected from Co, N1 and Fe, 

X: one or more selected from Y, Hf, Ta, Cs, Ce, La, 
Th, W, SI, Pt, tfo and B; 

® the undercoat Is one formed by a spraying process or an 
electron beam deposl-tlon process at a thickness of 30-500 
(jm; 

® -the top coat Is a ZrOa based ceramic coating containing 
5-40 mass% of at least one oxide selected from Y2O3, CaO, 
Ce02, MgO, SIO2, Yb203 and SC2O3 and formed by a spraying 
process or an electron beam deposition process at a 
thickness of 50-600 pm. 

(4) The coating material for -thermal barrier 
coating according to -the Invention Is produced by using -the 
following me-thod. That Is, -the Invention lies In a me-thod 
of producing a coating material for thermal barrier coating 
having excellent corrosion resistance and heat resls-tance, 
comprising forming an undercoat made of a heat-resls-tant 
alloy having an A1 content of 3-24 mass% on a surface of a 
substrate -through spraying process or an electron beam 
deposition process, forming a middle layer of Cr 203 layer 
having a -thickness of 0 . 2-10 pm on a surface of -the 
undercoat by repeating a procedure of applying an aqueous 
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mixed solu-blon of one or more of chromic anhydride, 
ammonium chromahe and ammonium blchromahe and firing under 
heahlng ah 500-900 K for 1-5 hours one hlme or plural hlmes, 
and forming a hop coah of Zr 02 based cereunlc on hhe middle 
layer hhrough a spraying process or an elechron beam 
deposlhlon process . 

(5) Also, hhe Invenhlon lies In a mehhod of 
producing a coahlng maherlal for hhermal barrier coahlng 
having excellenh corrosion reslshance and heah reslshance, 
comprising forming an undercoah made of a heah-reslshanh 
alloy having an A1 conhenh of 3-24 mass% on a surface of a 
subshrahe hhrough spraying process or an elechron beam 
deposlhlon process, forming a middle layer of Cr 203 layer 
having a hhlckness of 0 . 2-10 pm on a surface of hhe 
undercoah by repeahlng a procedure of applying an aqueous 
mixed soluhlon of one or more of chromic anhydride, 
ammonium chroma he and ammonliim blchromahe and firing under 
heahlng ah 500-900 K for 1-5 hours one hlme or plural hlmes, 
heahlng In an atmosphere or under vacuum or In an Inerh gas 
ahmosphere ah 1200-1500 K for 1-20 hours ho form an AI 2 O 3 
layer produced hhrough preferenhlal oxldahlon reachlon of 
A1 conhalned In hhe undercoah on hhe surface of hhe 
undercoah jush beneahh Cr 203 layer as a parh of hhe middle 
layer, and forming a hop coah of Zr 02 based ceramic on hhe 
middle layer . 

BRIEF DESCRIPTION OF THE DRAWINGS 

The Invenhlon will be described wlhh reference ho 
hhe accompanying drawings, wherein: 

FIG. la and FIG. lb are a schema hie view 
lllushrahlng a shep of preferenhlally forming an AI 2 O 3 
layer on a surface of an Al-conhalnlng alloy coahlng by hhe 
mehhod of hhe Invenhlon; and 

FIG. 2a and FIG. 2b are a dlagrammahlcally sechlon 
view lllushrahlng hhe formahlon of a hop coah made of Zr 02 
ceramic on a surface of an Al-conhalnlng alloy coahlng as a 
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'bhermal barrier coablng by bhe mebbod of bhe invenblon. 

DETAILED DESCRIPTION OF THE INVENTION 

Ab flrsb, bhe es^erlmenb succeeding bhe Invenblon 
and bhe resulbs bhereof are described. 

In bhls eacperlmenb Is examined a case bhab A1 
conbalned In bhe undercoab Is preferenblally oxidized by 
bhe oxldablon-reducblon reacblon wlbh bhe Cr 02 film formed 
as bhe middle layer bo form AI 2 O 3 layer on a surface layer 
porblon of bhe undercoab. Thab Is, bhls experlmenb 
conducbs bhe examlnablon on Influences of bhe A1 conbenb In 
MCrAlX alloy sprayed coablng used as an undercoab, bhe 
heablng abmosphere and bhe presence or absence of Cr 203 
layer as a middle layer upon bhe formablon of AI2O3 layer 
when bhe undercoab Is formed on bhe subsbrabe by spraying 
MCrAlX alloy having a dlfferenb A1 conbenb and bhen bhe 
undercoab Is heabed ab a high bemperabure. 

A coablng of a high bemperabure-reslsbanb, 
oxldablve alloy having a bhlckness of 300 |Jm Is formed by 
using a MCrAlX spraying maberlal shown In Table 1 and 
applying onbo a surface of a subsbrabe of Nl~based 
superalloy besb piece (dlameber 13 mm x lengbh 60 mm) 
bhrough a plasma spraying process under a reduced pressure. 
Moreover, bhe composlblon of bhe N1 -based superalloy 
siibsbrabe Is also shown In Table 1 . 



Table 1 



Kind 


Chemical component (mass%) 


Co 


N1 


Cr 


A1 


Y 


T1 




W 


Ta 


Spraying 

material 


balance 


32.1 


21.2 


1-30 


■ 


— 


— 


— 




N1 -based 
super alloy 


8.11 


balance 


15.8 


3.45 


■ 








1.92 



Then, bhe opera blon In which bhe besb piece Is 
immersed In an aqueous solublon of 30 mass% Cr 03 and 
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'bhereaf'ber dried n't 750 K for 20 minu'bes is repealed 5 
'times 'to form Cr 203 layer (middle layer) on 'the sprayed 
coating of 'the high tempera'ture-resistant , oxida'tive alloy 
(undercoa't) . 

The tes't piece formed wi'th 'the CraOa layer is 
fur-ther heated in air and in an Ar gas a'tmosphere a-t 1400K 
for 9 hours and cu't ~to observe 'the presence or absence of 
'the formation of AI 2 O 3 coa'ting and 'the s'tabe 'thereof by 
means of an optical microscope. Moreover, 'there is used a 
test piece conducting no immersion in'to 'the aqueous 
solu'tion of 30 mass% Cr 03 (no forma'tion of Cr 203 layer) as a 
comparative example . The test results are shown in Table 2 . 
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Table 2 



No. 


A1 conbenb 
in MCrAlX 
alloy 
coabing 
(mass%) 


Presence or 
absence of 
forzoafion of 
Cr203 layer 


Formabi 
layer b: 


on of AI2O3 
/ heabing 


Remarks 

*2 


in air 


in Ar 

atmosphere 


1 


1 


presence 


X 


X 


B 


2 




absence 


X 


X 


. B 


3 


2 


presence 


X 


A 


B 


4 




absence 


X 


X 


B 


5 


3 


presence 


0 


0 


A 


6 




absence 


A 


X 


B 


7 


8 


presence 


0 


0 


A 


8 




absence 


0 


X 


B 


9 


12 


presence 


0 


0 


A 


10 




absence 


0 


X 


B 


11 


20 


presence 


0 


0 


A 


12 




absence 


0 


X 


B 


13 


24 


presence 


0 


0 


A 


14 




absence 


0 


X 


B 


15 


30 


presence 


0 


0 


A 


16 




absence 


0 


X 


B 



*1 x: not: observed bhe formabion of conblnuous AI2O3 layer 
A: parbly observed forma bion defecb of AI2O3 layer 
O : observed bhe forma bxon of conblnuous AI2O3 layer 



*2 A: accepbable example B: con^arablve example 

As seen from bhe experimenbal resulbs of Table 2 , 
bhe following is found on bhe A1 conbenb in bhe undercoab 
formed on bhe alloy subsbrabe. Thab is, when bhe heabing 
breabmenb (1400 K x 9 hours) is conducbed in air, if bhe A1 
conbenb in bhe MCrAlX alloy coabing of bhe undercoab is 
less bhan 3 mass% (Nos. 1-4) , bhe formabion of dense AI2O3 
layer is nob observed irrespecbively of bhe presence or 
absence of bhe formabion of bhe Cr203 layer. On bhe obher 
hand, in bhe coabings having bhe A1 conbenb of nob less 
bhan 3 mass% (Nos. 5-16) , bhe AI2O3 layer is formed even in 
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t:he absence of *bhe 0x203 layer, but: tJie oxides such as CoO, 
NiO and the like are co-existent, and also the formation of 
the AI2O3 layer is discontinuous and places causing no 
formation is sometimes observed and it is unstable. 

Further, when the heating treatment is conducted 
under a condition that an oxygen partial pressure is very 
small as in the Ar gas atmosphere, in the case having no 
0x203 layer on the undercoat (Nos. 2 , 4 , 6, 8, 10 , 12 , 14 , 

16 ) , even if a great amount of A 1 is contained in the 
undercoat, the formation of AI2O3 layer is not observed. On 
the contrary, in the coating having the 0x203 layer (Nos. 5 , 
7 , 9 , 11 , 13 , 15 , 17 ) except for the case that the A 1 
content in the undercoat is less (Nos. 1 and 3 ), the dense 
AI2O3 layer is always formed likewise the heating in air. 

From this fact, it is understood that when heating 
the Al-containing undercoat having the 0x203 layer thereon, 
A 1 component in the undercoat causes oxidation -reduction 
reaction with the 0x203 layer to selectively oxidize A 1 
(preferential oxidation) , whereby a thin coating of AI2O3 
is formed and at least a part of 0x203 is vaporized. 

Then, the method of forming the thermal barrier 
coating (TBO) comprised of the undercoat, middle layer 
(AI2O3, 0x203) and top coat on the substrate is described 
wi th re spec t to the s tep s . 

(A) Formation of undercoat and its high- 
temperature oxidation properties 

The first stage of TBO formation through spraying 
process is a step of forming an undercoat on a sxibstrate of 
a heat-resistant metal such as heat-resistant steel, Ni- 
based alloy, Oo-based alloy or the like. Here, MOrAlX 
alloy is adopted as a typical alloy for the undercoat and 
the high- tender a ture oxidation properties of a sprayed 
coating thereof is described. 

In general, when the sprayed coating of MOrAlX 
alloy is heated, the metals constituting the alloy produce 
the respective oxides, which are existent on the surface of 
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'the coating in a form of film. Among 'the me'tals 
cons 'ti'tu ting the MCrAlX alloy, when M is Co, Ni and X is Y, 
an oxygen equilibri\im dissociation pressure (atm) of the 
oxide at 1273 K is shown in Table 3. 



Table 3 



Oxidatilon react:±on 


Equilibrium dissociation 
pressure (atm) 


C 0 +I/ 2 O 2 CoO 


1 . 6x10‘^2 


2Cr+3/202 <-> Cr203 


2 . 5x10‘22 


Ni+l /202 NiO 


1.7x10'^° 


2 AI+ 3 / 2 O 2 AI2O3 


1 . 3x10”^® 


2 Y+ 3 / 2 O 2 Y2O3 


1.0x10'^^ 



As shown in Table 3, the equilibrium dissociation 
pressure of oxygen required in -the oxidation of Y among 'the 
metals constituting 'the MCrAlX alloy is smallest, and 'the 
oxide (Y 2 O 3 ) is formed at an oxygen partial pressure of 
1.1x10'^^ atm in an equilibrium theory. However, -the Y 
content contained in the MCrALX alloy is generally as very 
small as not more 'than 1 mass% , so 'that even if all Y 
contained in 'the alloy is produced as an oxide, 'the whole 
surface of 'the sprayed coating can not be covered with such 
an oxide. Also, 'the purpose for adding Y is to in^rove the 
adhesion property of AI 2 O 3 as a protective oxide coating, 
and hence Y 2 O 3 itself does not develop 'the resistance to 
high- tender ature oxidation under a high- temperature 
environment . 

In the o-ther components constituting 'the alloy, 
the equilibrium dissociation pressure of oxygen required in 
'the oxidation is A1 : 1.3x10"^^ a'tm, Cr: 2 . 5x 10~^^ atm, Co: 
1.6x10"^^ atm and Ni : 1.7x10'^° a'tm, respectively, so 'that 
all alloying elements are placed under a condition capable 
of producing 'the oxide under an environment having a high 
oxygen partial pressure such as air or 'the like . For 'this 
end, a con^osite oxide comprised of not only AI 2 O 3 but also 
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CoO, NIO and Cx 203 ±s produced on 'bhe surface of fhe MCrAlX 
alloy sprayed coating. The con^oslte oxide Is large In the 
oxidation rate under the same temperature condition as 
compared with AI 2 O 3 and has a large volume as an oxide . In 
the general TBC, the formation and growth of the above 
composite oxide occurs at the Interface between the 
undercoat and the top coat, so that the bonding strength 
between both the coats considerably lowers , which results 
In the peeling of the top coat. 

In the Invention, therefore. It Is attempted to 
Inqprove the bonding strength of the top coat to the 
undercoat by forming the middle layer of Cr 203 layer 
described In the following (B) Item as seen from the above 
experiment. This point Is a most characteristic 
construction of the Invention . 

Moreover, as the method of forming the undercoat 
with the MCrAlX alloy, there may be utilized any one of a 
plasma spraying process under a reduced pressure, a hlgh- 
veloclty-oxyfuel flame spraying process, an atmospheric 
plasma process, an explosion spraying process and so on. 
Naturally, a PVD process using an electron beam heat source 
(EB-PVD) may be preferably utilized, so that the formation 
method of MCrAlX alloy coating as a high temperature- 
resistant oxidative alloy coating Is not particularly 
limited . 

Also, the thickness of the undercoat Is preferable 
to be within a range of 30-500 )Jm. When the thickness Is 
less than 30 |jm, the protection life on the substrate Is 
short under a use environment condition at a high 
temperature, while when It exceeds 500 )Jm, the considerable 
Improvement of performances as the undercoat Is not 
observed . 

On the other hand, as the MCrAlX alloy of the 
undercoat used In the Invention may be used any 
commercially available MCrAlX alloys, but It Is required to 
at least contain 3-24 mass% of A1 and two or more metal 
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componeii'ts selected from Cr, Ni, Co and Y. The necessity 
and importance of A 1 content are clear from the above 
experiment, and also as is explained at the following step 
(B) , when the A 1 content is less than 3 mass% , AI2O3 layer 
is formed on the surface of the undercoat, but the layer 
thickness is thin and the denseness is lacking and the 
sufficient protection property can not be developed. While 
when the A 1 content exceeds 24 mass%, the dense AI2O3 layer 
having an excellent resistance to high- temperature 
oxidation can be formed, but the MCrAlX alloy coating 
itself is brittle and produces cracks through slight shock 
or partly falls off and hence it is difficult to put into 
practical use . 

(B) Formation of middle layer of Cr203 layer on 
the surface of the undercoat and high- temperature 
properties thereof 

In the invention, it is considered that dense AI2O3 
layer being rich in the adhesion property and excellent in 
the protection property is positively formed on the surface 
of the MCrAlX alloy coating by the treatment as mentioned 
below in view of the high temperature properties of the 
undercoat con^rised of the above MCrAlX alloy coating. The 
method is concretely explained below. 

( 1 ) At first, a chromixim- containing aqueous 
solution such as Chromic acid (Cr03) , ammonium chromate 

( (NH4) 2Cr04} , ammoniism bichromate { (NH4) 2Cr207> and the like 
is applied alone or in a combination of two or more onto 
the surface of the undercoat con^rised of the MCrAlX alloy 
coating laminated on the surface of the substrate to form 
Cr203 layer in a surface layer and : on a surface of the 
MCrAlX alloy coating. Moreover, in the invention, the 
above aqueous solution may be adhered onto or impregnated 
into the surface of the MCrAlX alloy coating by spraying or 
immersing . 

( 2 ) Then, the MCRAIX alloy coating after the 
treatment of the item (1) is heated in an electric furnace 



15 




at 500-800 K for 10-60 minutes to form a crystalline or 
amorphous chromium oxide (Cr 203 ) on the surface of the 
alloy coating (undercoat) through a chemical denslflcatlon 
treatment. This Is based on the utilization of a reaction 
In which the chromium-containing aqueous solutions of 
chromic acid, ammonium chromate and ammonium bichromate are 
decomposed by heating at 500-800 K to finally produce Cr 203 
according to the following reaction formulae : 

CrOs l/ 2 Cr 203 + 3/402 

(NH4>2Cr04 l/2Cr203 + 2Nh3 + H 2 O + 3/402 

(NH4>2Cr207 -> Cr203 + 2 NH 3 + H 2 O + 3/202 
Moreover, this treatment uses the aqueous 
solution, so that It Is possible to produce Cr 203 In micro- 
recess portions and pores of the MCrAlX alloy coating. 

(3) If necessary, the operations of the above 
Items (1) and (2) are repeated several times to Increase 
the thickness of Cr 203 formed on the surface of the alloy 
coating. Moreover, the thickness of Cr 203 Is preferable to 
be 0.2-10 pm. When the Cr 203 thickness Is less than 0.2 pm, 
the effect Is not sufficiently obtained, while when It 
exceeds 10 pm, the time required for the treatment Is long, 
which Is disadvantageous In economical reasons. Moreover, 
metallic Cr Is produced In addition to the Cr20s layer In 
accordance with the heating atmosphere In the treatments of 
the Items (1) - (3) , which Is explained later. 

When the Cr20s layer Is a middle layer and a top 
coat as mentioned later Is formed thereon (l.e., when the 
product of the Invention Is used In turbine parts, since It 
Is exposed to a hlgh-temperature heating In use, the 
treatment of step (4) Is not always necessary) , the 
following step (4) Is useless. In this case, the Cr 203 
thickness Is 0.2-10 pm. The reason thereof will be later. 

(4) The MCrAlX alloy coating after the treatment 
of the Item (3) Is heated under an environment of 
atmosphere, vacuum. Inert gas, combustion gas of a fossil 
fuel, steam or the like at 950-1500 K for 1-30 hours. By 
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this heating treatment, Cr 203 produced in the treatment of 
the item (3) and A1 contained in the components of the 
undercoat are selectively subjected to oxidation-reduction 
reaction on the surface of the MCrAlX alloy coating 
(undercoat) and hence the layer comprised of only AI 2 O 3 is 
formed on the surface of the MCrAlX alloy coating just 
beneath the Cr 203 layer according to the following reaction 
formula and forms the middle layer together with the 
remaining Cr 203 . 

Cr 203 + 2A1 — ► AI 2 O 3 + 2Cr 

The above reaction utilizes the difference of 
chemical affinity with oxygen between Cr and A1 
(equilibrium dissociation pressure) . A1 having a chemical 
affinity with oxygen larger than that of Cr (equilibriiim 
dissociation pressure is small) deprives oxygen from Cr 203 
(selective oxidation) to form AI 2 O 3 layer. Also, Co, Ni and 
the like are contained in the MCrAlX alloy in addition to 
A1 , but these elements are smaller in the chemical affinity 
with oxygen than that of Cr (equilibri\im dissociation 
pressure is large) and can not deprive oxygen from Cr 203 . 

As a result, the oxide layer comprised of only AI2O3 is 
formed . 

In the invention, the AI2O3 layer is produced by 
the above reaction, but may be formed by a series of the 
treatments of the items (2) and (3) , for example by heating 
at 500-1500 K for 1-30 hours. 

In case of forming the coating of Zr 02 based 
cercuoic as a top coat as mentioned at the following step, 
the thickness of the AI2O3 layer is preferable to be 1-30 
)Jm. mien the thickness of the AI2O3 layer is less than 1 |jm, 
the denseness is lacking and the excellent resistance to 
high-ten^erature environment can not be developed, while 
when it exceeds 30 ^m, the long time is taken for the 
formation of the coating and the operation efficiency 
considerably lowers . 
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FIG. la and lb schematically show the course of 
forming the AI2O3 layer through the steps of the above 
Items (l)-( 4 ). For example, A 1 In a MCrAlX alloy coating 
(undercoat) 2 formed on a substrate 1 of N 1 -based 
superalloy Is preferentially reacted with Cr203 layer 3 
formed on the undercoat by heating at 950-1500 K for 1-30 
hours to selectively oxidize A 1 to thereby newly form AI2O3 
layer 4 on the MCrAlX alloy coating 2 . Also, Cr coating 
layer Is retained on the AI2O3 layer 4 through reduction 
reaction of A 1 . This Cr coating layer Is Immediately 
oxidized by heating In air to again render Into Cr203 . 
Finally, the MCrAlX alloy coating 2 (undercoat) , the AI2O3 
layer 4 and the Cr203 layer 3 are formed on the surface of 
the substrate 1 In this order. 

However, when the heating at 950-1500 K for 1-30 
hours Is carried out under vacuum or In an Inert gas, the 
Cr coating reduced by A 1 remains on the AI2O3 layer as It 
Is , so that the coating produced under such an environment 
Is constructed with the AI2O3 layer and Cr203 layer or the 
Cr203 layer containing metallic Cr. Moreover, the metallic 
Cr coating Is Immediately oxidized Into Cr203 under an 
environment of actual gas turbine, so that the same coating 
construction as mentioned above Is finally attained 
according to the same behavior as mentioned above . 

As previously mentioned, the Cr203 layer has a 
property of evaporating as Cr03 at a higher temperature of 
not lower than 1300 K. In the Invention, however, the AI2O3 
layer having an excellent protection property Is uniformly 
formed just beneath the Cr203 layer, so that even If the 
Cr203 layer Is evaporated, the resistance to hlgh- 
ten^erature oxidation of the MCrAlX alloy coating can be 
maintained . 

As mentioned above, the method according to the 
Invention utilizes the chemical reaction between A 1 
contained In the MCrAlX alloy coating and the' Cr203 layer 
formed on the surface thereof, so that the AI2O3 layer 
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having an excellent protection property can be produced 
even if the atmosphere in the heating is not only air but 
also under vacuum^ an inert gas such as Ar or the like, a 
combustion gas such as fossil fuel for an actual gas 
turbine or steam. That is, the invention has a feature 
that the freedom degree of the heating atmosphere condition 
is very high. 

(C) Formation of top coat 

In the invention, there are the following two 
methods as a step of forming the top coat. 

(i) The undercoat of the heat-resistant alloy is 
formed on the surface of the substrate of the heat- 
resistant alloy and the Cr203 layer is fozmed on the 
surface thereof by the chemical method and then Zr02 based 
ceramic layer is formed on the surface of the Cr203 layer 
as a top coat . 

(ii) The undercoat of the heat-resistant alloy is 
formed on the surfaqce of the substrate of the heat- 
resistant alloy and the Cr203 layer is formed on the 
surface thereof by the chemically densifying method and 
heated at a high temperature of not lower than 1273 K. By 
this operation is formed the dense AI2O3 layer on the 
surface of the undercoat through the selective oxidation of 
only A 1 . The top coat of Zr02 based ceramic is formed 
thereon . Moreover , a part or whole of the Cr203 layer may 
be sxiblimated under a high -temperature environment of not 
lower than 1200 K, but the formation of the top coat is 
possible even at this state and also the effect thereof can 
be sufficiently expected . 

The sectional structure of TBC after the forxoation 
of the top coat is shown in FIGS. 2 a and 2 b. In this case, 
numeral 1 is a substrate, numeral 2 an undercoat, numeral 3 
a Cr203 layer (middle layer) , numeral 4 an AI2O3 layer, and 
nximeral 5 a top coat. That is, in FIG. 2 a, the top coat 5 
of Zr02 based ceramic is directly formed on the Cr203 layer 
3 formed on a surface of the undercoat 2 . When strongly 
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corrosive gas-phase components such as SOx, HCL and the 
like are existent in the atmosphere used, even if these 
components penetrate into the inside through opening pore 
portions of the top coat, the corrosion of the undercoat is 
prevented owing to the presence of the Cr 203 layer having 
an excellent corrosion resistance, so that the TBC of the 
above coating structure develops good TBC performances over 
a period of long time . 

A maximum use temperature of the TBC having this 
structure is preferable to be less than 1350 K as a surface 
temperature of the undercoat. That is, Cr 203 sublimates 
(vaporize) on the undercoat under an environment of not 
lower than 1350 K to finally take a structure as shown in 
FIG. 2b. However, the dense AI 2 O 3 layer having an excellent 
corrosion resistance is uniformly formed on the surface of 
the undercoat in the TBC subjected to such a heat 
hysteresis, so that the surface of the undercoat is not 
corroded with the corrosive gases and the like and can 
maintain the good corrosion resistance. 

As can be understood from the above, in the TBC 
according to the invention, the Cr 203 layer formed on the 
undercoat develops an important action. In the formation 
of the top coat, however, it is necessary that the 
particles for the top coat burst through the Cr 203 layer 
and arrive at the surface of the undercoat. For this 
purpose, if the thickness of the Cr 203 layer is too thick, 
it is difficult to directly bond to the undercoat, so that 
the thickness is preferable to be a range of 0 . 2-10 pm. 

When the thickness is less than 0.2 pm, the action 
mechanism of the Cr 203 layer is insufficient, while when it 
exceeds 10 pm, it is difficult to directly contact the 
particles for the top coat with the surface of the 
undercoat . 

In the structure shown in FIG. 2b, the Cr 203 layer 
formed on the surface of the undercoat is heated at a 
temperature of not lower than 1350 K to selectively oxidize 
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A1 componen'b In the undercoat to thereby form the dense 
AI 2 O 3 layer on the surface of the undercoat and thereafter 
the Zr 02 based ceramic coating Is directly formed thereon 
as a top coat . 

Moreover, Zr 02 based ceramic containing 5-40 mass% 
of one or more oxides selected from Y 2 O 3 , CaO, Ce 02 , 

SIO 2 , Yb 203 cuid SC 2 O 3 Is used as a material for the top coat. 
These materials are plasma- sprayed In air or under a 
reduced pressure to form a top coat having a thickness of 
50-600 |jm. Also, the formation of the top coat may be 
carried out by EB-PVD process . 

When the thickness of the top coat Is less than 50 
)jm, the function of protecting the undercoat from radiant 
heat or conductive heat Is low, while when It exceeds 600 
|jm. It Is not observed to considerably Improve the action 
mechanism as a top coat and also It tends to weaken the 
bonding force between the mutual Zr 02 based ceramic 
particles constituting the top coat, and hence such a 
thickness Is Inconvenient In view of economic reason and 
the performances of TBC . 

Example 1 

In this example, test pieces Nos. 5-8 of Table 2 
prepared In the aforementioned ea^erlment are used to form 
top coats comprising 8 mass% of Y 2 O 3 and balance being Zr02 
(hereinafter abbreviated as 8 YZ) and having a thickness of 
300 pm through a plasma spraying process In air, and then 
the thermal shock test Is conducted under a condition that 
the heating at 1400 K for 15 minutes and the cooling of 
charging Into water of 25°C are repeated. The test results 
are shown In Table 4 . 
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Table 4 



No. 


State of test pieces before formation 
of top coat 


Test after 
formation of 
top coat 


Remarks 


A1 

content 

in 

MCrAlX 

alloy 

coating 

(mass%) 


Presence 

or 

absence 

of 

formation 
of CraOs 
layer 


Presence or absence 
of heating 
treatment of 1350 K 
X 9h 


Result of 
thermal 
shock test 


In air 


in Ar 


1400K X 15 
min . in 

water of 
15°C 


1 


3 


presence 


absence 


absence 


o 


A 


2 


presence 


absence 


o 


A 


3 


absence 


presence 


o 


A 


4 


absence 


absence 


absence 


o 


B 


5 


presence 


absence 


o 


B 


6 


absence 


presence 


o 


B 


7 


8 


presence 


absence 


absence 


o 


A 


8 


presence 


absence 


o 


A 


9 


cOasence 


presence 


o 


A 


10 


absence 


cOssence 


absence 


o 


B 


11 


presence 


absence 


o 


B 


12 


absence 


presence 


o 


B 



(No'te) 

(1) Compos! 't±on of MCrAlX alloy as shown in Table 1 

(2) Formation of undercoat of 300 )jm in thickness is 
conducted by plasma spraying process under a reduced 
pressure . 

(3) Formation of Cr 203 layer is conducted by repeating 
operation of immersing in 30% CrOa and heating at 750 K for 
20 minutes 5 times. 

(4) 8YZ coating as a top coat has a thickness of 300 |im. 

(5) "A" in column "Remarks" is an acceptable exan^le and 
"B" is a con^arative example. 

(6) Symbol "O" in column "thermal shock test" indicates no 
peeling of top coat. 
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As seen from -the results of Table 4 , not only Nos . 

1 and 7 of directly forming the top coat on the middle 
layer of Cr 203 layer according to the Invention but also 
Nos. 2 , 3, 8 and 9 of forming the top coat after the middle 
layer Is formed and heated at 1350 K for 9 hours have the 
good resistance to thermal shock and do not observe local 
peeling of the top coat at all. That Is, It has been 
confirmed that these products have the performances equal 
to those of the coatings Nos. 4-6 and 10-12 according to 
the existing technique . 

Ex^uaple 2 

The test pieces provided with the top coats In the 
same manner as In Example 1 are siabjected to a hlgh- 
temperature corrosion test to evaluate the corrosion 
resistance of TBC according to the Invention. 

Moreover, the corrosion test Is carried out under 
conditions that the test piece Is left to stand In a 
cylindrical electric furnace at a temperature of 773 k for 
100 hours while flowing air containing 1000 ppm of each of 
SO 2 and HCl thereinto at a rate of 100 ml/1 minute. After 
the test, the presence or absence of the peeling of the top 
coat Is examined by observing the appearance of the test 
piece . The results are shown In TcJsle 5 . 
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Tedale 5 



No. 


State of test pieces before fomnation of 
top coat 


Test cdEter 
formation of top 
coat 


Remarlcs 


A1 

content 

in 

MCrAlX 

alloy 

coating 

(mass%) 


Presenoe 

or 

absence 

of 

formation 
of Cr 2 Q 3 
layer 


Presence or aKsenoe 
of heating treatment 
of 1350 K X 9h 


Result of high- 
tenperature 
corrosion test 


in air 


in Ar 


773K X lOOh 


SO 2 

(lOOPEpm) 


HCL 

(lOOQppn) 


1 


8 


presenoe 


absence 


absence 


0 


0 


A 


2 


presenoe 


absence 


0 


0 


A 


3 


absence 


pres^oe 


0 


0 


A 


4 


absence 


absence 


absence 


A 


X 


B 


5 


presence 


absence 


A 


X 


B 


6 


absence 


presence 


A 


A 


B 


7 


12 


presence 


absence 


absence 


0 


0 


A 


8 


presenoe 


absence 


0 


0 


A 


9 


absence 


presence 


0 


0 


A 


10 


absence 


absence 


absence 


A 


X 


B 


11 


presence 


absence 


A 


X 


B 


12 


absence 


presence 


A 


A 


B 



(Note) 

(1) coa'tlng formation under the same condition as in the 
test piece of Exan^le 1 (tcdsle 4) 

(2) Symbol of results of high -temperature corrosion test 

O: no peeling of top coat 
A: local peeling 
X: large peeled area 

The test pieces Nos. 1-3 and 7-9, in which the top 
coat is formed after the middle layer of Cr 203 layer is 
formed on the surface of the NCrAlX alloy, do not utterly 
observe the peeling of the top coat not only in case of 
directly forming the top coat on the middle layer (Nos . 1 , 
7) but also in case of laminating the top coat after the 
heating at 1350 K for 9 hours (Nos. 2, 3, 8, 9) . This is 
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considered due 'to 'the fact 'that 'the corrosion action of 'the 
gas components such as SO 2 / HCL and 'the like Is prevented 
by the presence of 'the middle layer of Cr 20 a layer formed 
on the surface of 'the undercoat of MCrAlX alloy (Nos . 1 , 7 ) 
or by 'the dense AI 2 O 3 layer formed on the surface of 'the 
undercoat by 'the heating treatment. 

On 'the o'ther hand, 'the test pieces Nos. 4-6 and 
10 - 12 , In which the top coat Is formed without forming 'the 
middle layer of Cr 203 layer, are corroded under the action 
of SO 2 , HCl gas to lower the bonding force to the top coat 
and hence easily peeled off because the formation of 
composite oxide containing Co, Nl, Cr and A1 (Nos. 4, 5, 10, 
11) and the formation of dense AI 2 O 3 layer (Nos. 6 , 12) are 
not conducted even when the heat trea'tment Is carried out 
under 'the same conditions . 

Exao^le 3 

In this example, TBC test piece Is formed by using 
MCrAlX alloy containing 8 mass% of A1 as an undercoat, 
forming the middle layer of Cr 203 layer on -the undercoat by 
the method of Example 1 , and forming the top coat of Zr 02 
based ceramic having longitudinal cracks by -the me'thod 
described on JP-A-2000-301655 , l.e. plasma spraying process 
and electron bean deposition process, and 'then subjected to 
a corrosion test under the same conditions as In Example 2 . 
The thickness of 'the undercoat Is 100 )jm, and -the thickness 
of -bhe middle layer Is 3 |jm, and the thickness of 8 mass% 
Y 203 -Zr 02 based ceramic as -bhe top coat Is 250 |jm. Moreover, 
'the two-layer structure coating having no middle layer Is 
subjected to 'the corrosion test as a comparative exan^le . 

Wl'th respect to 'the test pieces, wherein 'the 
formation of “the top coat Is conducted by “the plasma 
spraying process described In JP-A-2000-301655, the results 
of 'the corrosion test are shown In Table 6 . Wl'th respect 
to 'the test pieces wherein 'the fine particles of Zr 02 based 
ceramic are grown In a columnar form by 'the electron beam 
deposition process a top coat, 'the results of 'the corrosion 
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'test are shown ±n Table 7 . 



Table 6 



No. 


Sta'be of -best pieces before fozma'blon of 
‘top coat 


Test af'ter 
foxma'tlon of top 
coat 




A1 

content 

In 

M:hAlX 

alley 

coating 

(mass%) 


Presence 

or 

absence 

of 

fozmat±on 
of Cr^ 
layer 


Presence or absence 
of heating treatment 
of 1350 K X 9h 


Result of hlgh- 
tenperature 
corrosion test 


in ai r 


in At 


SQz 

(lOOOppn) 


HCL 

(lOOOppm) 


1 


8 


presence 


abs^ice 


^senoe 


O 


O 


A 


2 


presence 


absence 


o 


O 


A 


3 


absence 


presence 


o 


O 


A 


4 


absence 


absence 


absence 


X 


X 


B 


5 


presence 


absence 


X 


X 


B 


6 


absence 


presence 


X 


X 


B 



(Note) 



(1) The top coat Is 8 mass% Zr02 having longitudinal cracks 
formed by 'the method of JP-A-2000-301655 and has a 
thickness of 250 pm. 

(2) Symbol of 'the results of high- tester ature corrosion 
test 

O : no peeling of top coat 
X: large peeling of top coat 

(3) "A" In remarks Is an acceptable example, and ''B" Is a 
comparative Example . 
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Table 7 



No. 


State of test pieces before foimation of 
top coat 


Test after 
fozmatlon of top 
coat 




A1 

content 

In 

M2rALX 

alloy 

coating 

(mass%) 


Presence 

or 

absence 

of 

formation 
of Cr^ 
layer 


Presence or absence 
of heating treabnent 
of 1350 K X 9h 


Result of high- 
tenperature 
corrosion test 


in air 


in Ar 


SO 2 

(lOOOEpm) 


HCL 

(IOOQfpdeO 


1 


8 


presence 


absence 


absence 


0 


0 


A 


2 


presence 


absence 


0 


0 


A 


3 


absence 


presence 


0 


0 


A 


4 


absence 


absence 


absence 


X 


X 


B 


5 


presence 


absence 


X 


X 


B 


6 


absence 


presence 


X 


X 


B 



(Note) 

(1) The top coat ±s a coliimnar crystal structure formed by 
the electron beam deposition process (8 mass% Y 203 -Zr 02 ) and 
has a thickness of 250 |Jm. 

(2) Symbol of the results of high -temperature corrosion 
test 

O : no peeling of top coat 
X: large peeling of top coat 

(3) "A" In remarks Is an acceptable example, and "B" Is a 
comparative Example. 

As seen from these results , when the top coat Is 
provided with the longitudinal cracks or has the coliimnar 
crystal structure, the corrosive gas such as SO 2 , HCl 
easily penetrates Into the Inside of the top coat and 
corrodes the surface of the undercoat and hence the bonding 
force to the top coat becomes weak and the top coat Is 
easily peeled off (Nos. 4-6 In Table 6 and Nos. 4-6 on 
Table 7) . 

On the contrary, when the middle layer of Cr 203 
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layer is formed on fhe undercoat as in the Invention, the 
test pieces do not utterly observe abnormal state and 
maintain a sound state even if the longitudinal cracks or 
columnar crystals are existent in the top coat. From these 
results , it has been conf ixrmed that the Cr203 layer formed 
on the surface of the undercoat develops the good corrosion 
resistance even the form of the top coat is longitudinal 
cracks or the columnar crystal. 

As mentioned above, the thermal barrier coating 
developing excellent corrosion resistance and heat 
resistance under a high-temperature environment containing 
corrosive gases can be formed by forming an Al-containing 
heat-resistant alloy coating on the surface of a high- 
temperature exposing member used in a gas turbine, a jet 
engine or the like or a high- temperature member for a 
combustion furnace or various heat treating furnaces, 
forming a middle layer of Cr203 layer on the surface 
thereof by a chemical treatment, and directly forming a top 
coat of Zr02 based ceramic thereon . 

Also, the thermal barrier coating being durable to 
corrosive gas and having a high bonding force to top coat 
can be formed by siobjecting the chemically formed Cr203 
layer to a heat treatment at a high-ten^erature environment 
of not lower than 1272 K to form the AI2O3 layer on the 
surface of the Al-containing heat-resistant alloy coating 
and then directly forming the top coat of Zr02 based 
ceramic thereon . 

According to the invention, it is possible to form 
the thermal barrier coating having the corrosion resistance 
and heat resistance and hence it is possible to in^rove the 
high- temperature resistance of various high- temperature 
exposing members and prolong the service life thereof . 
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